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Sandwich panels in shipbuilding 


Boshidar Metschkow, Assoc. Prof. 
Gdansk University of Technology 


ABSTRACT 


In this paper a short historical outline of laser technique development and its application to 

welding sandwich panels, is presented. Laser-welded sandwich panels of different geometry, 

today introduced in industrial scale, were described. Prefabrication process of folded ship 

constructions, in particular, of panel-to-panel connections and hybrid (sandwich panel 

— conventional construction) structures, was discussed. Attention was paid to various aspects 
of prefabrication, assembly and use of panel constructions. 


Keywords : laser welding, laser - welded steel panels, I-core panels, 
connection of panels, double skin structure, ship structures 


INTRODUCTION 


Industrial use of the laser radiation started in the 1960s. The 
ideas of Einstein, theoretically explained in the years 1914- 
-1919, were developed in 1950 in the USA by A.L. Schawdow 
and C. H. Townes who provided fundamentals of the process. 
Continuation of the work, carried out also by Basow and 
Prochorow during the years 1953-1954, showed that forced 
emission of energy by microwaves is possible in the laboratory- 
-scale. As a result the first MASER (Microwave Amplification 
by Simulated Emission of Radiation) was built by Townes and 
his collaborators, Gordon and Zeiger, in 1954. 

Some years later, in 1960, an optical maser was built in the 
laboratory of the Hughes Aircraft Company, California. Under 
the name LASER (Light Amplification by Stimulated Emission 
of Radiation) it has brought revolutionary changes into many 
fields of technique, medicine, optics, astronomy etc. 

The main advantage of the laser beam comes from its 
enormous density of energy as compared with conventional 
sources of energy. The laser beam energy density ranges 
from108 to10° W/cm? whereas conventional welding proce- 
dures, such as the hand electrode welding, offers only 104 
W/cm?, and TIG (tungsten innert gas) process - 10° W/cm. 
This is still higher even that of other new welding processes 
with high-energy output — such as the plasma welding process 
- 10° W/cm? or the electron beam welding -107 W/cm2. Such 
high energy density leads to an essential increase of speed of 
welding process, a perceptible reduction of the deformation 
energy, and consequently, to minimization of the unwanted 
post-welding deformations. It was the base to start — in 1990 — 
— intensive work aimed at the introduction of laser welding 
technique into the shipbuilding industry. 


LASER-WELDED PANELS - 
- AN INNOVATIVE STRUCTURAL 
SOLUTION 


The development of laser technique brought to building CO, 
lasers of about 20 kW power and ruby ones of 6 kW power, ope- 
ned the way to the application of laser welding in shipbuilding. 
The introduction of such technique required, however, the cre- 
ation of laser-weldable ship structures — as the first step. Because 
of the higher demands concerning joint preparation it was not 
possible to simply take over the ship hull “classical” construc- 
tion consisting of plating and crossing stiffeners. Fig.1 presents 
a comparison of the classical (conventional) ship structure — for 
which the advantages of the laser welding could not be exploited 


in the initial development stage — with the sandwich panel struc- 
ture prepared to the laser hybrid welding process (laser welding 
combined with MAG — metal active gas welding). 


Fig. 1. Ship structure: a) classical (conventional), b) sandwich [1] . 


Since industrial lasers are currently built as stationary 
installations (Fig.2), the research is focused on production of 
the stiffened flat (or weakly bent) plate sections (Fig.la and 
1b). A conventionally stiffened flat section has an orthogonal 
stiffening system consisted of the rolled bulb or angle profi- 
les in one direction, and welded T-beams in the second one. 
Large length of the fillet welds to be welded, combined with 
the introduction of considerable amount of heat constitute the 
factors reducing productivity and production quality. A hybrid 
structure (created from a laser-welded panel and one-directional 
T- beam) can be used instead, so the numerous stiffeners of the 
first direction can be omitted hence to reduce all the above- 
-mentioned problems (Fig 1b). 
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—— 


Fig. 2. Laser welding machine for panels of up to 12 m in length [2] . 


The mentioned laser-welded panel consists of two shell 
plates between which is mounted one-directional stiffener 
system. The stiffeners are connected with the plates by laser 
welding executed from outside of the plates. Principle of the 
process is shown in Fig.3. The laser beam penetrates the shell 
plate through and the end of the adjacent stiffener and joins 
this way both the elements. 


Laser beam 


Liquid material 


Solid material 


— 
Welding direction 


Fig. 3. Depth effect of the laser beam [3] . 


Panels welded in such manner show smaller welding defor- 
mations and have a better flatness in comparison with conven- 
tional structures. The laser-welded panel is shown in Fig.4. 


Fig. 4. Laser-welded panel fitted with flat steel stiffeners (webs) — (I-core) [4] . 


The industrially produced I-core panels can be made in 
a variety of geometrical dimensions as follows : shell plating 
thickness from 1.5 to 10 mm, panel width from 500 to 3 000 
mm, panel length from 1 000 to 10 000 mm, panel depth from of 
40 to 100 mm, stiffener spacing from 80 to 120 mm, minimum 
stiffener thickness of 3 mm. The joining method in question 
offers possible application of different geometries of internal 
stiffeners, for example : X-core, V-core, L-core, O-core, Z-core 
and other (see Fig.5). 


0 


X-core V-core Z-core 


Fig. 5. Different forms of core of sandwich panels [5] . 
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From the shipbuilding point of view, I-core panels seem 
to be the most suitable because they have an optimal relation 
of its mass to stiffness both in the longitudinal and transverse 
direction, and are relatively easy for manufacturing. 

Beside of these completely flat, also panels with one-di- 
rectional curvature can be manufactured. Such panels can be 
used for example for roofing huge halls or covering concrete 
walls. An example of the panel with one-directional curvature 
is presented in Fig.6. 


Fig.6. Laser-welded panel with one-directional curvature [6] . 


For the improvement of the stiffness or for raising other 
properties such as sound insulation, the panel’s interior can be 
filled with an additional material such as expanded polyure- 
thane, balsa wood or lightweight concrete. Such core material 
can also improve corrosion resistance or reduce thermal con- 
ductivity. The application of the core material also improves 
buckling strength of the shell plates. 

The shell plate buckling between supporting stiffeners is 
one of the most important problems in the dimensioning of 
steel sandwich structures. The small thickness of shell plating 
leads to a relatively small value of critical buckling stresses. 
The critical load can be increased by the supporting effect of 
the filling. As an example, the panel with lightweight concrete 
filling is presented in Fig.7. 


Fig. 7. Laser-welded panel with filling [7] . 


The panel’s internal space between two shell plates can 
be also used as a channel for cables or tubes widely applied 
in ship construction. The cables or pipes (for drink water or 
sewage system, heating equipment, etc.) placed inside can be 
fixed directly by the panel filling, so that fixing elements are 
not necessary. 
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MODULAR SECTIONS BUILT 
OF LASER-WELDED PANELS 


To form bigger sections of ship structure, connection of some 
panels is necessary. The panel - panel connection in the plane 
parallel to the stiffeners (see Fig.8) is less critical in comparison 
to that in the plane perpendicular to them because in the other 
case load is transferred only by the relatively thin shell plates. 


Ir Tt 


EE} } 


Rectangular tube 
e4. | 40x25x3 aq 


a) j 
a 40 
CO, welding * ~* ‘ 


Fig. 8. Ways of making panel -panel connection 
in the plane parallel to the stiffeners [8] . 


Such prefabricated sections are then used as — for instance 
— deck construction or transverse and longitudinal walls (bul- 
kheads) of ship hull. Fig. 9 (up part) shows a deck construc- 
tion with T - girders put - on, and prior — installed tubes. The 
down part of Fig.9 shows a ship interior with walls erected 
from sandwich panels. The modular character of the sandwich 
panels makes arrangement process easy and significant labour 
saving possible because the almost deformation-free sandwich 
elements constitute basically post-treatment-free modules. 


Fig. 9. Deck and wall sections made from laser-welded panels [9] . 


The smooth surface of the panels can be painted without addi- 
tional preparation and does not need any additional covering. 


HYBRID STRUCTURES 


The structure which contains both conventional and laser- 
-welded components is called hybrid structure. The using of 
laser-welded sandwich panels often requires — (e.g. in bow or 
stern area of ship deck) that the panels have to be combined 


with the conventional structures. To this end additional joining 
elements are also necessary. A typical hybrid construction is 
presented in Fig.10. 


- uS 


Fig.10. Example ofa hybrid structure [10] . 


Due to the fact that at the moment any rules for application 
of such structure do not exist, each particular design has to be 
subjected to a separate evaluation. However on the basis of 
the results of certain research investigations it is possible to 
formulate some general principles related to sandwich structu- 
res — see Fig.11. Every concentrated load applied to sandwich 
structure should be introduced rather into a stiffener than non- 
-supported plate area to avoid a local failure. Otherwise — a local 
strengthening in such points is necessary. 

The rigid fixing of panel edges leads to a smaller value of 
global deflection than that in the case of their simple suppor- 
ting. Connection of sandwich panel and conventional structure 
always creates a high - stress region. 


Void | Hot spots (stresses) 
Favourable Small deflection Smallest deflection 


Fig.11. Strength problems regarding sandwich structures [11] . 


Problems of the joining two sandwich panels and a san- 
dwich panel with a conventional structure have been presently 
subjected to intensive studies. 


SUMMARY 


Laser-welded panels constitute innovative modular compo- 
nents which already have found application to ship structures. 
They are characterized by considerably greater stiffness at the 
same mass, as compared with conventional structures, and they 
are easier in assembling. 

Effectiveness of the hull structure assembling process can be 
considerably improved by using sandwich elements when the 
still open organizational and strength problems are solved. 
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Problems of strength modelling 
of steel sandwich panels under in-plane load 


Janusz Kozak, D.Sc., Eng. 
Gdansk University of Technology 


ABSTRACT 


INTRODUCTION 


Rapid development of new technologies, which is observed 
during last several years have made impact also on shipbuil- 
ding structures. Some new materials and new manufacturing 
techniques have been developed. Among other new ideas, the 
laser welding techniques start to find their position as alternative 
methods of joining components of ship structure. Such capa- 
bilities create new opportunities of changing the configuration 
of typical ship structure : instead of the “classical” design 
consisted of shell plating supported by a grid system of heavy 
stiffeners one can imagine a design similar to that already ap- 
plied in glass reinforced plastic structures, namely two shells 
connected by an internal system of thin stiffeners (webs). This 
is the idea of sandwich structure — steel or aluminium panels 
manufactured from two shell plates of 3-4 mm thickness , 
internally supported by one directional system of stiffeners 
of about 40 mm in depth, with all components connected by 
laser welding, Fig. 1. 


a) b) 
aJ ~ 
ii 120, 


[ 200x40x12 


Fig. 1. Ship deck structure of: (a) conventional design (b) sandwich design . 


Application of such new structure requires to determine its 
characteristics by taking into account its strength, corrosion, 
vibration, fire protection and fatigue properties, in order to get 
approval — from the side of classification societies — that they 
are not worse as compared with those of the classical structu- 
re. Majority of such parameters are usually obtained from the 
laboratory tests carried out on models or full-scale structures. 

The application of the structure as in Fig.1b in place of the 
conventional design (Fig.la) can provide weight reduction 
by at least 34% and reduction of the manufacturing costs by 
about 50% [2]. 


LABORATORY FULL - SCALE TESTS 


Ship hull during its service life is subjected to various lo- 
ads and their combinations : global, regional (zone) and local. 
Global loads affects the whole ship hull structure causing its 
bending or torsion which generate loads acting — among others 


Paper presents examples of laboratory test and numerical modelling results of steel sandwich 
panels under in-plane load. Test and modelling procedure is presented and comparison of 
numerical and laboratory test obtained results of static compression is discussed. 


Keywords : laser weld, laboratory test, strength properties, in-plane load 


— in planes of decks, bottom shell plating or longitudinal and 
transverse bulkheads. Compressive stresses can lead to buc- 
kling of thin shell plates, pre-deformed during manufacturing 
process. Due to the fact that the shell plating in sandwich struc- 
ture is significantly thinner than that in conventional structure 
one can expect higher sensitivity of sandwich structure in regard 
to buckling phenomena. 

A program of laboratory tests of full - scale sandwich pa- 
nels was elaborated and performed in order to determine basic 
characteristics of the steel sandwich structure behavior under 
in-plane load and — further — to formulate and verify analytical 
formulae for its proper dimensioning. To determine stiffness 
characteristics of models in relation to their geometry and ma- 
nufacturing deformations, the family of 3000 x 500 mm models 
were designed with taking into account some combinations 
of the model depth, shell plating thickness, core structure and 
internal filling, as shown in Fig.2. 

For the applied combination of cross-section properties, two 
core geometries were selected : plate stiffeners (webs) perpen- 
dicularly placed against shell plating (I-core) and corrugated 
webs (V-core), Fig.2. For I-core panels the uniform spacing 
of 80 mm between stiffeners and their thickness of 4 mm was 
applied, for V-core — the 2 mm constant thickness of stiffeners 
was chosen. The axial compression tests were performed on 
a versatile static/fatigue testing machine of the compressive 
load capacity up to 4000 KN. A set of joints was used to pro- 
perly exert and distribute the in-plane load into tested model. 
Such joints make it possible to apply evenly distributed pure 
axial forces to both edges of the model. This idea is illustrated 
in Fig.2. Prior to loading, initial deformations of each of the 
models were precisely measured. 

During the test each of the models was subjected to 
a compression load step-by-step increasing till the moment of 
complete loss of load-carrying capacity of the model. At each 
level of the applied load, strain and displacement measure- 
ments by means of appropriate gauges were carried out. It was 
observed that failure mode of tested models is dependent on 
their cross-sectional geometry, i.e. type of core, shell plating 
thickness and depth of stiffeners. The failure modes varied from 
the whole - model global” bending without any loss of stability 
of compressed shell plating - through the “global “ buckling, i.e. 
loss of stability of the whole compressed shell plating — to the 
“local” buckling, i.e. loss of stability of the whole cross-section 
of the model in its middle part; the last model presented failure 
modes dependent on geometrical properties. Fig.3 illustrates 
the above mentioned failure modes. 
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Fig. 2. In-plane load geometry and loading scheme of the tested models . 


After systematisation, the tests results showed that two 
general failure modes can be distinguished. Fig.4 presents the 
relationship of nominal compressive stresses and longitudinal 
displacement. Models of certain geometries showed the typical 
“buckling” curve with almost linear load-displacement cha- 
racteristics up to critical load level and a subsequent sudden 


Longitudinal displacement — l-core 
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Fig. 3. “Global” bending failure mode: a) pure bending, 
b) global buckling, c) local buckling . Fig. 4. Results of static compression test of the model of I-core geometry . 
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collapse; such behaviour is characteristic for the models with 
high - depth stiffeners, and — to a smaller extent — depending on 
shell thickness. Models of some other geometries presented the 
“global bending”, i.e. the behaviour characterized by a smooth 
load - displacement relationship. 


The following notation was used 
to describe each of the models : 


for example — 20x1xE stands for : “20” — stiffener depth of 
20 mm, “1” — shell plating thickness of Imm, “E” — no filling 
material , i.e. “ Empty” model, and alternatively “H” — high 
density core (balsa wood). 

It was observed that the failure modes of the tested models 
were strongly influenced also by initial deformations which 
usually occur in every welded structure as a result of the ma- 
nufacturing and transport processes. 


NUMERICAL MODELLING 


On the basis of the previous studies on behaviour of laser- 
-welded T-joint [1] it was assumed that the numerical modelling 
of sandwich structure should be done very carefully to reflect 
its particular properties. To this end, SOLID 186 finite element 
from ANSYS library, was applied. It is 20-node solid element 
of quadrilateral shape function and three degrees of freedom in 
each nodal point (UX, UY, UZ). To the presented calculation 
the variant of 14 integration points was applied. Fig . 5 presents 
the whole model and a detail of precise mesh in the laser weld 
region. Due to symmetry of the analysed body, only 1/4 of the 
real structure was modelled. In order to reflect particularities of 
the joint the real width of laser weld as well as a gap between 
stiffener and shell plate was modelled. 


iY 


Fig. 5. Numerical computation model and detail of its mesh . 


Stress distribution image resulting from the example cal- 
culations (Fig.6) confirms the fact of collaboration of shell 
plating and stiffeners in the compressed region of the failed 
structure. Such phenomena underline the importance of proper 
modelling in this region. 
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Fig. 6. Stress distribution in shell plating and stiffeners . 


The comparison between results of numerical calculations 
and laboratory tests (Fig.7) shows that the maximum calculated 
load carried by the analysed structure is lower than that recorded 
during the real full-scale model test. This difference is probably 
caused by the fact that the numerical model reflects only the 
bending of the laser weld. Contact phenomena which occur in 
the real structure was not modelled at all. 
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Fig. 7. Comparison of the results obtained 
from numerical calculations and laboratory tests . 


CONCLUSIONS 


A series of full-scale steel sandwich models was tested 
under in-plane compression load. The models having the same 
dimensions varied by geometric properties of the their cross- 
-section as well as core material density. During the tests the 
load - response relationships of the models were investigated 
and recorded. 

The combined effect of stiffener depth and filling material 
was also observed. For different geometrical properties the 
effect of the filling material is complex and stronger for lower 
values of shell plating thickness. 

However it was observed that the stiffener depth and 
shell plating thickness influence the stiffness of the structure 
considerably stronger than the presence of filling material and 
its density. 

The tests indicated that failure mechanism (mode) depends 
on geometrical properties of model’s cross-section — especially 
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on the ratio of stiffener depth and shell plating thickness. The 
observed failure mechanisms (modes) were as follows : 


¢ global bending of the whole model 

¢ global loss of stability of the whole compressed shell plate 

¢ local damage of model’s cross-section due to a combined 
loss of stability of compressed shell plate and adjacent parts 
of stiffeners. 


From the qualitative comparison of I-core and V-core geo- 
metry of stiffeners it results that I-core stiffener system has 
more favourable properties regarding in-plane-load response 
characteristics. 

Manufacturing deformations considerably affected the 
load-displacement characteristics of compressed model. This 
is one of the most important parameters affecting the buckling 
characteristics of steel sandwich panel; hence establishing 
appropriate accuracy tolerances for manufacturing the pa- 
nels and maintaining the final product within the assumed 
accuracy limits is crucial for reaching the proper buckling 
strength of panel. 

The numerical modelling of the laser-welded steel sandwich 
structures should be very carefully performed and its results 


should be dealt with a caution because of particular properties 
of laser-welded joints as well as a sensitivity of real structure 
to presence of manufacturing deformations. 
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Fatigue life of steel laser-welded panels 
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ABSTRACT 


This paper presents a proposal of algorithm for determining fatigue life of steel laser-wel- 
ded panels, elaborated on the basis of results of the author 5 laboratory tests of full-scale 
structural models. The methodical algorithm and an example of elaborated design curve 


is presented. 


Keywords : laser weld, laboratory test, strength properties, fatigue of structure 


INTRODUCTION 


The idea of replacement of the classical ship hull structure 
— developed for centuries — by a novel thin double - shell struc- 
ture having most of its internal members contained inside it, 
emerged in the end of the 1950s, however serious interest to it 
was only paid by US Navy which introduced LASCOR panels 
as late as in the end of the 1980s. The most spectacular example 
of this application has been the design of aerial platform for 
USS ,,Mt. Whitney”, which has made it possible to decrease 
the weight of the high-placed structure by 9 t. It significantly 
contributed in improving the ship’s stability, Fig.1. 


gi 


Seances io sn S: E 


f i ~ 


Fig. 1. The aerial platform made of LASCOR panel . 


In order to ensure fulfillment of safety conditions for total 
assumed service time the conditions should be verified with ta- 
king into account the criteria associated with structural strength, 
corrosion protection and fire resistance. For the classical ship 
steel structure the criteria have been developed for a few dozen 
of years and they now form a systematically verified set of rele- 
vant requirements issued by ship classification societies. Their 
guidelines and recommendations dealing with the assessment 
of fatigue life of hull structures are one of the latest and still 
developed groups of the requirements of the kind. 


THE AUTHOR’S RESEARCH ON FATIGUE 
QUALITIES OF SANDWICH MODELS 


In contrast to the classical welded steel structures the 
problems — especially those dealing with strength — associated 
with the application of novel solutions such as steel double- 
shell complex sandwich structures, have been investigated so 
far to an insufficient extent. In particular the fatigue strength 
problems of such structures have started to be recognized and 
investigated as late as in the last years. Whereas every applica- 
tion of novel solutions of ship hull strength structure requires to 
have at one’s disposal relevant analytical procedures including 
those concerning fatigue life assessment. Such procedures for 
steel sandwich panels are still lacking. 

The algorithms successfully used in shipbuilding, elabo- 
rated for classical structures, have not been so far positively 
verified to be used in sandwich structures because of their 
different features and lack of research data. 

Hence an attempt has been made to elaborate a proce- 
dure for estimation of fatigue life of such structures within 
the frame of the research programs financially supported by 
European Union, in which the Faculty of Ocean Engineering 
and Ship Technology, Gdansk University of Technology, has 
taken part. In the frame of the research program, behaviour 
of steel sandwich structures in various versions of geometry, 
boundary conditions and load configuration, were tested under 
variable load. 


Tests of the models having 3000x1500 mm 
overall dimensions, (,,a” type) 


The fatigue tests were performed under concentrated load 


applied in the centre of the model rigidly restrained at all its 
edges. The test stand and the model itself is shown in Fig.2. 
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A macro-fractographic analysis revealed the presence of 
a chain of tiny fatigue spots on the crack surface. This confirms 
that the material structure within the crack zone uniform and 
there is no clearly weak points of the kind of welding defect. 


Tests of the models having 1000x500 mm 
overall dimensions, (,,b” type) 


The models having the same cross-sectional geometry as in 
the preceding case, were loaded by a concentrated cyclic load 
applied in the mid-span of the model freely supported along 
its longer sides. 

In the tested models the failure process — regardless of 
a level of applied load — progressed in the same way : fatigue 
crack was initiated in the laser weld joining the extreme web 
with the shell plating in the vicinity of the web’s end and it next 
propagated along the web towards the model centre, Fig.5. 


E i: 1 


Fig.2. The model ,,a” under fatigue testing . 


In the fatigue tests in question load levels were selected on 
the basis of their calibration with the use of successive static 
load tests during which signals from strain gauges placed on 
both shell plates, were recorded. 

When tested, the models were loaded by cyclic constant- 
-amplitude load of about 4 Hz frequency and the stress ratio 
R equal to about 0.1. 

Fatigue cracks appeared in the transition zone between the 
face of weld and original material of the shell plate under ten- 
sion. The cracks always appeared just under the middle web. 
However in two cases the cracks of a similar character appeared 
also under third web, counting from the mid-span of the model. 
In all the cases the cracks were caused by the tensile stresses 
in the shell plate, acting perpendicularly to the course of the 
weld. In Fig.3 is shown the crack occurrence area and in Fig.4 — 
—a fractographic image of the crack surface. 


Fatigue crack 


Fig. 5. The way of progressing the failure process in the tested ,,b” models . 
Tests of models of joints 


Some solutions of the joints were also tested, the same as for 
the models of the geometry close to that of 3000 x 15000 mm 
models. During the tests, in the sandwich structure on its 
shell plating surface appeared the cracks initiated in the laser 
weld and propagating perpendicularly to the course of the 
weld, Fig.6. 


Fig. 3. Fatigue cracks in the model . 


Chain of crack spots 


Fatigue crack 


Crack front in a subsequent phase 


of crack propagation 


Fig. 4. Fatigue crack surface . Fig. 6. Crack in the model under testing . 
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A PROPOSAL OF THE PROCEDURE 
FOR FATIGUE LIFE CALCULATION 
OF STEEL LASER-WELDED PANELS 


Taking also into consideration results of other investigations 
of this author [1,2,3] one can state in a more general way that in 
the laser -welded double-shell panels of the webs perpendicu- 
larly placed to the shell, one out of the following five cracking 
models can occur, depending on a type of structure geometry, 
applied loading and supporting mode, see Fig.7. : 


* 1%*-— a crack appearing in the tensioned shell plating in 
the zone of laser weld penetration, pointing the direction 
perpendicular to the weld axis, caused by tensile stresses 
resulting from global bending of the panel 

* 2nd _ a crack appearing in the tensioned shell plating in the 
laser weld, and next in the shell plate material, pointing the 
direction perpendicular to the weld axis, caused by tensile 
stresses resulting from global bending of the panel 

* 3'_ acrack appearing in the tensioned shell plating, caused 
by local tensile and shear stresses (such a state should not 
appear in a properly designed structure) 

* 4th _a crack appearing in the laser weld in the region where 
shell plating and end surface of adhering web contact to each 
other, caused by the weld bending resulting from mutual 
rotation of the web and adhering strip of shell plating 

* 5th_a crack appearing in the laser weld in the region where 
shell plating and end surface of adhering web contact to 
each other, caused by combined stresses resulting from 
weld bending and shearing. 

Face of laser weld 


ype 5 


Fatigue crack Type! 


P.. 


D Type3 


{Plating 


Face of laser weld 


Fig. 7. Cracking models which can appear in steel sandwich structures . 


For the classical welded steel structures have been proposed 
several calculation approaches based either on the concept of 
nominal stresses,”hot spot” method or deformation criteria, 
Fig.8 [6]. 
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For ship structures they are expressed in the form of guide- 
lines, rules and recommendations issued by ship classification 
societies. 

In Fig.9 the interpretation of the nominal, structural (geome- 
trical) and in-the-notch stresses acting in the weld penetration 
zone, is presented [5]. 
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Fig.9. Interpretation of the nominal, structural (geometrical) 
and in-the-notch stresses acting in the weld penetration zone [5] . 


The collected results of the investigations make it possible 
to elaborate procedures for the fatigue life assessment — based 
on the concept of nominal stresses [4,5] — of the steel laser- 
-welded double-shell panels having their webs perpendicularly 
placed to shell plating. Such assumption is justified by the fact 
that the geometry of laser-weld neighbourhood — regardless of 
full-scale panel dimensions — is always the same. The panels 
— due to their configuration and internal connections — are 
obviously much more sensitive to large stresses caused by 
specific structural features or local manufacturing factors. It 
could be for instance local deformations of shell plating due to 
assembling, incorrect transporting or turning in the course of 
manufacturing process. Initial deformations resulting from laser 
welds laid non-symmetrically relative to web axis in the course 
of manufacturing process, constitute a separate problem. Such 
stress concentrations are random non-predictable phenomena 
hence during calculation process modelling their influence is 
not possible. Their influence on fatigue life can be controlled 
by selecting appropriate manufacturing tolerances and carrying 
out calculations for the structures initially deformed but still 
complying with the permissible tolerance limits. 


Hence the procedure for fatigue life calculation of steel laser- 
-welded sandwich panel should comprise the following steps : 


** Determination of the field of deformations and stresses 

œ Determination of a phenomenon controlling crack deve- 
lopment (stress, deformation) 

œ Choice of a cracking mechanism (model) and crack occur- 
rence region 

$ Determination of a value of the reference parameter for 

a given cracking model 
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Fig. 8. Some approaches to fatigue strength calculation [6] . 
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% Choice of an appropriate design curve 
% Determination of fatigue life from the chosen design curve. 


In order to conduct calculations in compliance with the 
above proposed approach it is necessary to have at one’s dis- 
posal a set of design curves for each of the distinguished crac- 
king models shown in Fig.7. The case ,,4” creates a problem 
as it seems that for this cracking model crack development is 
controlled more by deformation mechanism than stress one. 
For the remaining cases an important factor conditioning the 
correctness of obtained results is to assume the same reference 
stresses for the tests from which design curves are determined 
and for the calculations when the use is made of the curves — as 
far as both the choice of a stress tensor component and a way 
of its calculation is concerned. 

The design curves as such can be determined on the basis of 
laboratory tests of elementary models of joints, and the above 
mentioned uncertainties can be taken into account by assuming 
an appropriate value of safety factor. 


DESIGN CURVES OF BASIC FATIGUE 
CRACKING MODELS FOR STEEL 
LASER-WELDED STRUCTURES 


The above postulated necessity of having at one’s disposal 
a set of fatigue design curves for each of the cracking models, 
based on systematic tests of elementary specimens — which 
have not been published so far — has constituted a premise to 
undertake such effort on the basis of own research. In this frame 
were conducted systematic tests of elementary specimens of 
a laser-welded joint having its geometry and loading conditions 
corresponding with the case ,,1” from Fig.7. Such specimen 
is shown in Fig.10. 


Fig. 10. Geometry of the specimens used 
for modelling the case ,,1” (Fig.7) . 


On the basis of the obtained test results was elaborated 
a design curve of the slope equivalent to the mean value derived 
from the results by using the least-squares (RMS) method, and 
shifted by the value of (—20) towards shorter fatigue lives. Such 
solution guarantees that the fatigue life values calculated on its 
basis will be achieved with 97.5% probability. The proposed 
design curve is shown in Fig. 11. 
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Fig. 11. The proposed design curve for the Ist cracking model . 
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CONCLUSIONS 


O Steel double-shell laser-welded sandwich panels may 
constitute an alternative solution for ship hull structures as 
it offers significant weight and space savings as compared 
with the classical structures. 


O Strength properties of sandwich panels considerably differ 
from those of ship single-shell structures because of aniso- 
tropy of stiffness resulting from their geometrical features, 
as well as specific properties of laser weld. 


O The different properties make possible application of the 
algorithms for the assessment of fatigue life prepared for 
single-shell structures, directly to sandwich structures, 
doubtful. 


O On the basis of the full-scale model tests of sandwich pa- 
nels, performed by the author, the cracking models of such 
structures subjected to variable loads, were revealed and 
collected. 


O An approach based on nominal stresses was proposed to 
fatigue life analysis of sandwich panels. 


O For the above mentioned approach a design curve based 
on the test results of an elementary laser-weld joint, was 
proposed. 


The presented results were derived from the work conduc- 
ted in the frame of the following research projects financially 
supported by European Union : 


“* SANDWICH” — Advanced Composite Sandwich Steel 
Structures —5'* EU Outline Program, Contract No. G3RD- 
-CT-2000-00256, 2000-2003 


% “SAND.CORe” — Coordination Action on Advanced 
Sandwich Structures in the Transportation Industry, 6" 
EU Outline Program, Contract No. TCA3-CT-2004-506330 
SAND.CORe, 2004-2005 


% ,,ASPIS” — Application of Steel Sandwich Panels into 
Ship Structural Design, EU research project within the 
frame of Eureka E!3074 Network, 2003-2006. 


NOMENCLATURE 


a — fatigue crack length 

K,AK — stress intensity ratio and its range 
N — number of cycles of fatigue load 
PAP — load and load range 

R —load asymmetry ratio 

RMS — root mean square 

E — unit strain 

©, AO — stress and stress range 


6,> Op» Omax — nominal, geometrical and notch stresses 
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Strength assessment of a version 
of joint of sandwich panels 


Ryszard Pyszko, M.Sc., Eng. 
Gdańsk University of Technology 


ABSTRACT 


In this elaboration are presented proposals of strength assessment procedure of a joint of two 
equal-depth sandwich panels so connected in the same plane that the joint line is parallel to 
stiffeners of the panels. The joint is subjected to lateral and tension loads. 


Keywords : sandwich panel, ultimate load-carrying capacity, panel joint 


INTRODUCTION 


Searching for novel structural solutions in order to cope 
with ,,murderous” pressure of economical factors — so clearly 
observed in aircraft industry — has not pass over maritime 
transport. Since in the classical solutions of ship structures 
continually perfected for centuries not much can be improved 
one of the ways of the searching for structural improvements 
is to apply unified structural elements. 

Development of laser-welding techniques made its indu- 
strial applications possible — and this way — also production of 
steel sandwich panels being double-skin structures mutually 
connected by a system of closely spaced stiffeners joined with 
the plating just by using laser-welding technique. Any intro- 
duction of a novel solution into ship hull structure, especially 
for primary strength members, is associated with the necessity 
to demonstrate that many requirements, especially concerning 
structural safety, are satisfied. Some of the structural require- 
ments deal with strength of structural connections among which 
are also panel-to-panel joints. 


GEOMETRY OF THE ANALYZED JOINT 


In the joint in question load is transferred by two external, 
symmetrical cover plates. The design of the joint together with 
its geometrical characteristics is shown in Fig.1. The same 
breadth was assumed for both the cover plates connecting upper 
and lower plating, respectively. The distance between the panels 
was so selected as to maintain the spacing between stiffeners 
of the panels, constant. In the analyzed problem such values 
of cross-section parameters are searched for at which the joint 
obtains its maximum load-carrying capacity at : 


* a suitable breadth of cover-plate, dn - which is associated 
with its location relative to panel stiffeners (du in Fig.1) 

* asuitable thickness of cover-plate, gn - which is associated 
with the fillet weld leg (asp in Fig.1) 


And it is assumed that : the load-carrying capacity of the 
joint constitutes the possibility of transferring an assumed load 
by a given structure (joint — connected panels) under condition 
that neither a loss of structural stability nor extensive plastic 
deformations of the structure in any its cross-section, occurs. 
The capacity is related to the assumed value of the stresses, 
Oea 7 f(load), resulting from the applied load. 

Description of the geometrical parameters and their denota- 
tions (as in Fig. 1) are given in Tab. 1. Every quantity marked “1“ 
through “15 constitutes the searched variable parameter. 


n-du + du/2 Detail a 
le 
, dn 
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Laser weld 
Fig. 1. Geometrical characteristics of the analyzed joint . 


Tab. 1. Geometrical parameters of the joined panels . 


1. gp — plating thickness 9. b — specimen width 

2. hu — stiffener depth 10. h — total depth of panel 

3. gu — stiffener thickness 11. n — number of stiffeners in one 
panel 

4. du — spacing of stiffeners | 12. asp — fillet weld leg 

5. gn — cover-plate thickness | 13. bp — weld penetration width 

6. dn — cover-plate width 14. gs — gap thickness 

7. be — gap height 15. dp — panel’s end overlap 

8. Ip — specimen length PS — laser’s plane of symmetry 


PROBLEM ANALYSIS 


The analysis is aimed at investigation of the behaviour of the 
considered joint of panels under lateral and tension loading. 


Panel fastening and loading 


For the panels in question 
the following assumptions were taken : 


€ The panel is freely supported at its ends, where one of which 
is slidable 

© The load applied to the panel is composed of two sets of 
forces : F, — axial tension forces, and F, — lateral forces 
producing constant bending moment in the region of 
cover-plate connection — Fig.2. The forces F, and F, act 
simultaneously, increase uniformly and independently 
to each other. The resulting load is a combination of the 


POLISH MARITIME RESEARCH, Special issue 2006/S1 17 


Strength assessment of a version of joint of sandwich panels 


forces increasing from zero- value up to that at which the 
limit load- carrying capacity of the investigated joint is 
exceeded 

€ Stress distribution at the supports and in the regions of 
application of forces is of no significance from the point 
of view of the assumed aim 

© Geometrical arrangement of the panel together with the 
cover-plates is symmetrical relative to the plane PS 

© The load acts symmetrically relative to the plane PS. 


LAG A. 


Cao 


Fig. 2. Loading scheme of PPOI panel. F,,— pair of the lateral forces 
producing the constant bending moment M, in the region 
of cover-plate connection F „— tensile forces applied to the panel . 


Structural model for FEM calculations 


For the above described joint a structural model for calcu- 
lations by means of Finite Element Method (FEM) was elabo- 
rated. With a view of symmetry of the problem as well as the 
assumed loading mode, some simplifications were introduced 
as follows : 


> simplification of joint geometry (appropriate modeling) 

> introduction of appropriate boundary conditions (symme- 
try) 

> application of loads by setting-up appropriate displacements 
in model mesh nodes. 


Fig. 3. Geometry of the joints model for FEM calculations. 
Mg ~ 9 ~ Eps,- bending moment loading — relevant displacements —> 
F „~ Eps,,— tension force loading — relevant displacements ——> 
h(i) — distance between mesh nodes. Remaining notations - see Fig.1 . 


The loading onto the joint is realized by applying relevant 
displacements to the right-hand end of the model, Fig.3, at 
FEM mesh nodes. The displacements act in one plane and the 
same directions. Load resultants of the upper and lower plating 
result from superposition of the displacements Eps, and those 
due to the twisting angle ọ, Fig.3. 


Eps(1) = Eps, (i) + Eps (i) = 
h(i) (1) 
= Eps, (i) +—~— tg(@) 
It was assumed that the displacements along Y — axis, due 
to the twisting angle, are negligibly small (because of its small 
values ranging from 0° to 1.2°). Under the above mentioned 


assumptions the displacement (load) resultants are as follows, 
Fig.4. 
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Fig. 4. Load applied to the right-hand end of the model . 


In order to find the searched variables the analyzed joint’s 
model was parametrized. The number of the geometrical para- 
meters of the joint was reduced by assuming values of selected 
parameters constant. The dimensions which can be calculated 
on the basis of the values of the parameters, were also omitted. 
The result of the simplifications is presented in Tab.2 ; after the 
reduction only three searched variables have been left. 

Tab. 2. Specification of geometrical parameters 
describing PPO1 joint after simplifications [1] 
Parameters of the panels 
to be joined, 
after simplifications : 


Geometrical parameters 
of the panels to be joined : 


. gp — plating thickness = 2.5 mm 


. hu — stiffener depth = 40 mm 


. gu — stiffener thickness = 4 mm 


. du — stiffener spacing = 120 mm 


. gn — cover-plate thickness 5. gn — cover-plate thickness 


. dn — cover-plate length 6. dn — cover-plate length 


. be — gap height = 0.2 mm 


. Ip — specimen length = 4.5 du 


Oo} CO]NA[ NA] NM] BR] W]e 


. b — specimen width = 1 mm 

10. h — total depth of the panel = 
= hu + 2(gp+bc) 

11. n—number of stiffeners in one 
panel = 4 pes 

12. asp — fillet weld leg 


13. bp — weld penetration width = 
= |mm 


12. asp — fillet weld leg 


14. gs — gap thickness = 0.5 mm 


15. dp — panel’s end overlap = 
= 10mm 


To the assumed model were used the assumptions resulting 
from a modeling method of sharp notches, which consisted 
in introducing the under-cuts of suitable values of radiuses, 
Fig.6. 

Also, it was assumed that during load increasing the ele- 
ments are able to enter in contact. In Fig.6. are indicated the 
places where the distance between neighbouring pairs of nodes 
are continuously monitored. After performing the calculations 
it appeared that — at the initial geometry (for all the considered 
cases) and the applied mode of model’s loading — such contact 
occurred in a few points only until the model has reached its 
limit load-carrying capacity - Ngr. 

In a limited number of cases such contact occurs in the 
region 1. The first phase of the sliding contact in the stiffener 
occurs because of a relatively long distance from the region 1 
to the plating support. The instant of the contact is denoted : 
Kr_posz=nr, i.e the number of the step after which the contact 
will appear. This is illustrated in Fig.5. 

A contact in the regions 2 and 3 occurs practically in the 
phase when the joint itself suffers a damage, i.e. beyond the 
range where Ngr is determined. 
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PP01, gp =2.5m, Epsx = 0.06, Kat_obr = -0.30° 
gn = 3.0 [mm], asp = 2.0 [mm], dn/2 = 105.0 [mm] 
Ngr = 50.6 [MPa/mm], Fx = 196.6 [N/mm], Mg = 1.1 [Nm/mm] 
707 Nx [MPa/mm] 
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Fig. 5. The diagram of the relation Nx = f(Eps) with marked loading steps 
and the contact in the region 1, shown in Fig.6 . 
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Fig. 6. The detail of FEM model in the region of the cover-plate / panel 
connection. Fillet weld connection between cover-plate and plating, 
rı = 0.8 mm. Connections between plating and stiffener, r, = 0.4 mm. 
Width of weld penetration : bp = 1 mm. Contact regions : 1, 2, 3. 
Notation of a pair nodes : § . 


For the problem in question the linear elastic 
stress-strain characteristics of material 
with strain hardening was assumed, Fig.7. 
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Fig. 7. Stress — strain characteristics of material 
for plating, stiffeners and welds . 


For modeling the structure, the following FEM elements 
taken from the file of ANSYS software, were used (Fig.8.) : 


> ET,1,plane42 — for panel, cover-plates and welds 
> ET,2,LINK1 — for contacting element — to maintain 
constant distance between the ends of panel plates, Fig.7. 


Boundary conditions, Fig.8. 


Because of the geometrical symmetry (Fig.2 and 3) and the 
mode of load application by means of displacements, Fig.4, the 
following boundary conditions were used : 


LSEL,s,LINE,,96 
LSEL,a,LINE,,416 
Nsll,S,1 
D,all,ux,0 ! locked displacements along X- axis 
! free displacements along Y- axis 
Lsel,all 
Nsel,all 
Displacements (loading) 


The displacements are set-up depending on the distance 
along Y-axis; along X-axis they are applied to the nodes at the 
right-hand end of the panel, see Fig.3 and 4. 


PS Line 96 


4 


% 7 — 
7 ET, 1,plane 42 


Displacements set at the upper plate of panel 


wa y — 
2 : : 
Z Displacements set at the lower plate of the panel 


Fig. 8. Model of connections between panel elements, 
for FEM calculations . 


Calculations — response of the structure 


For the above described geometry, boundary conditions and 
loading, the calculations were conducted in the range of non- 
-linear material characteristics. The distribution and quantity of 
reaction forces appearing in the nodes with set displacements, 
were considered as the response of the structure in question. 
Next, some simplifications dealing with conversion of the 
results to their final form, were applied - Fig.9. 


Reaction forces in nodes 


Displacements set in nodes 
F F 
E d+ Fg 


2 
_ Fd-Fg 
2 
Fx = 2Pn 
Mg= Pmh,, 


Pm 


Fig. 9. Determination of the force and bending moment loading the panel. 

Pm -pair of forces giving constant bending moment proportional to Eps 
Pn — forces causing tension of the panel, proportional to Eps, 

Fg, Fd — resultant response forces in upper and lower plating, respectively . 


p 


Simplification 1 — it was assumed that — due to relatively 
small thickness of plating as compared with the panel depth 
— the resultant force in the upper plating, Fg, and the lower 
plating, Fd, can be taken equal to the respective sums of reaction 
forces in the nodes. The forces mainly act along X-axis, as their 
components along Y-axis are negligibly small (Fig.9). 
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Strength assessment of a version of joint of sandwich panels 


Simplification 2 — it was assumed that the resultant vector 
of the forces Fg and Fd is situated in the middle of the plating 
thickness gp (Fig.9). 

Simplification 3 — it was assumed that at the above given 
distribution of forces the obtained reaction forces can be con- 
verted into the panel loading forces and next into the constant 
bending moment proportional to ọ and the tension force pro- 
portional to Eps, — Fig.4. 


Analysis of results 


Series of example calculations were performed for the single 
joint of the PPO1panel of constant geometry and various cover- 
-plate parameters, (Tab.2); the range of variability of the parame- 
ters is given in Fig. 11. In Fig.10 are shown changes of values of 
the stresses Nx in the cross-section where displacements within 
the panel have been set up, as well as the way of determination 
of Ngr for the joint in question. In the further part of the analysis 
the use of Ngr has been deemed more comfortable. 


Eps = — set-up, uniformly increasing load in Eq (1) 

Nx — stresses along X- axis (response of the structure) 

N_góra — stresses in the upper plating at the right-hand end 
of the panel, after averaging the reaction forces Fg 
(Simplification 2) 

N_dół} — stresses in the lower plating at the right-hand end 
of the panel, after averaging the reaction forces Fd 
(Simplification 2). 


Method of tangents — consists in finding the line tangent to 
the tension curve at its origin S1- Fig.10 as well as that tangent 
to the tension curve at its end S2- Fig. 10 The intersection point 
of the tangent lines determines a value of limit stresses for the 
curve, i.e. those for the cross-section where loads (displace- 
ments) have been set up [2]. 

Ng_g — value of limit stresses determined for the upper 
plating— acc. the method of tangents 

Ng d- value of limit stresses determined for the lower 
plating— acc. the method of tangents. 


Lp. 5, gp = 2.5m, Epsx = 0.06, Kat_obr = -0.30°, 


70> Nx [MPa/mm] 

60+ 

507 

404 
—— N_ góra 

304 -= N dot 

204 Nx = 41.6 in panel -o Ng g=39 
= Ng d=49,7 

104 

4 Eps [%] 
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 


Fig. 10. The diagram of the relation Nx=f(Eps) in the cross-section where 
the displacements were set at the right- hand end of the panel . 


Ner -limit load-carrying capacity of the panel, determined 
by the greater value out of Ng g and Ng d. An exceedance 
of the loads which generate stresses equal to Ng _g (Fig. 10.) 
does not cause the load-carrying capacity of the panel to be 
exhausted. Only when Ng d is reached the load-carrying ca- 
pacity of the panel is exhausted due to occurrence of plastic 
deformations in a cross-section, or loss of structural stability, 
or — alternatively —due to occurrence of both the phenomena 
simultaneously. 

g/d [krok] — in this column is given the calculation step 
in which Nx=41.6 [MPa/mm] Fig. 10 i.e. Ngr > Nx. At the so 


20 POLISH MARITIME RESEARCH, Special issue 2006/S1 


determined limit load-carrying capacity, stresses in the panel 
will be always at the safe side. Moreover, some margin of the 
capacity, resulting from the difference : Ngr — Nx, is still left. 

Fx_g - stands for the reaction force in the upper plating in 
g/d [krok] step. 

Fx_d — stands for the reaction force in the lower plating 
in g/d [krok ] step. 

Fx [N/mm] - stands for the loading force applied to the 
panel, Fig.9. 

Mg [Nm/mm] - stands for the loading moment applied to 
the panel, Fig.9. 


SUMMMARY AND CONCLUSIONS 


The common conclusions for the selected series of the inve- 
stigations of Ngr = f(dn, gn, asp) are presented in Fig.11. 


O In the case when the values of the cover-plate thickness gn 
are close to that of plating, gp, the load-carrying capacity of 
the joint of the panels maintains nearly on the same level. 
The fillet weld leg asp is associated with the cover-plate 
thickness, Series I, Fig. 11 

O The cover-plate length decisively improves the joint’s 
capacity when dn > du, otherwise it does not show any 
influence, Fig. 11 

O The range of optimum values of the cover-plate length is 
located outside the first stiffener, within the distance from 
4 du to '4 du 

O Inthe cases where values of the cover-plate thickness gn are 
significantly greater than that of the plating thickness gp, 
the joint’s capacity increases. This is additionally dependent 
on the cover-plate length dn — Series II and III, Fig.11 
The distance dp should tend to dp = du - gu, Fig.3 
Because of the limitations of the applied method it was not 
possible to indicate either a location or cause of exhausting 
the panel’s load carrying capacity. With the use of the 
applied procedure it is possible to determine Ngr, i.e. the 
instant when an exhaust of the panel’s load-carrying capa- 
city may be expected. 


PP01 joint; Panel 2.5x2.5/40x4/120 


OO 


100 
Ngr [MPa/mm] ore 
80 
Optimum range for dn 
60 
—_@——_@—_@—"_@@—_-@ 
40 
= Series! ;gn=3;asp=2 
=Œ- Series Il ;gn=4;asp=2.5 
20 =- Series Ill; gn = 5; asp = 3 
— ‘st stiffener 
1/2 dn [mm] 
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Fig. 11. The diagram of the relation Ngr = f(dn, gn, asp) . 
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ABSTRACT 


A method was described of ultimate strength calculation of compressed steel panels proposed for shipbuilding 

applications. The calculations consist in applying Finite Element Method (FEM) to a model composed of 

finite shell elements. Large displacement values and plastic flow of material are taken into consideration. 

Results of ultimate strength calculations of an example panel under compression were compared with those 

from experimental tests. Accuracy of a proposed simple method of ultimate strength assessment based on 
the longitudinal bending theory of rod with initial deflections, was also investigated. 


Keywords : laser-welded steel panels, ultimate strength of steel structures, 
finite element method calculations in the non-linear range 


INTRODUCTION 


A research project concerning engineering processes and 
strength of steel panels was conducted at Faculty of Ocean 
Engineering and Ship Technology, Gdansk University of 
Technology, [2]. Within the frame of the project manufacturing 
process of steel panels with the use of laser welding technique 
was elaborated, as well as some structural strength tests of the 
axially compressed panels under lateral load were performed. 
Results of the tests are presented in [3] and [4]. 

Construction of a typical panel is shown in Fig. 1. It consists 
of flat steel plates of t= 3.0 mm thickness, mutually connected 
by means of steel webs of t= 4.0 mm thickness, 60 mm depth, 
and 80 mm spacing. The plates are laser-welded to the webs. 
Such welding technique ensures weld penetration through not 
full thickness of webs (Fig.1). The so obtained joint constitu- 
tes a significant notch in panel’s structure and determines the 
immediate and fatigue strength of such structures. 


a) Cross-section 


Joint — laser weld _⁄ g 


A 
+ 


a gee SE GS 


Fig. 1. Construction of the panel . 


In this paper are presented results of FEM strength calcula- 
tions of the axially-compressed panel of | = 3.0 m in length, 
shown in Fig.la. The calculations were aimed at checking if 
the FEM non-linear calculations where shell model of the panel 
has been applied, provide values of ultimate loads of the panels 
under axial compression, close to those experimental, described 
in [3] and [4]. Possible application of the simple theory of ec- 
centrically compressed rod, proposed in [1], to ultimate strength 
assessment of compressed panels, is also discussed. 


ELASTIC BUCKLING 
OF THE COMPRESSED PANEL 


Strength of the panel under axial compression was assessed 
by using the model of compressed rod of the cross-section as 
in Fig.1, 1 = 3.0 m in length, and hinge-supported ends. 


In this case the theoretical critical stresses 
G, are as follows : 


_wEI 
lA 
where : 
E = 2.06 - 10° N/mm? - Young modulus of steel 
1=3.483-10°m* -inertia moment of the 
cross-section shown in Fig.la 
-length of the rod 


-cross-sectional area 
of the rod shown in Fig. 1a. 


(1) 


1=3.0 m 
A= 4.68 : 103 m? 


From the calculations by using (1) 
the following was obtained : op = 168 MPa. 


The value of the theoretical 
critical force P} = op A = 0.786 MN. 


The elastic buckling of the panel under axial load was in- 
vestigated also by using FEM calculations with application of 
NEi/Nastran computer software [5]. The applied FEM model 
is shown in Fig.2. 

The model was built of the quadrilateral four-node finite 
shell elements of CQUADR type placed in the mid-thickness of 
panel plating. In such model the details of the plate-web joints 
shown in Fig.1b, are not taken into account. The linear elastic 
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stress-strain model of the material having Young’s modulus 
E = 2.06 - 10° MPa and Poisson’s ratio v = 0.3, was assumed. 


Fig. 2. The FEM model of the panel, used for elastic buckling calculations . 


The calculated value of the theoretical critical force (total 
compression force applied to the panel) relevant to the basic 
form of elastic buckling shown in Fig.3, amounts to P;, = 0.800 
MN. The force Pẹ is greater only by 1.8% than P,. It is con- 
sistent with expectations that P > P} . As a rule FEM model 
yields an excessively large value of structural stiffness. 


+ 


ULTIMATE STRENGTH CALCULATIONS 
OF COMPRESSED PANEL 


Fig. 3. The basic form of elastic buckling . 


In the FEM calculations, plastic flow of material and influ- 
ence of deformations (panel deflections) on values of internal 
forces and stresses were taken into account. The material plastic 
flow was assumed in compliance with the model based on as- 
sociate principle of plastic flow. The assumed simplified o — € 
characteristics of material under uniaxial tension/compression 
is shown in Fig.4. 


Fig. 4. The assumed o — e characteristics of material . 
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It was assumed that the panel is freely-supported at the 
ends, and some longitudinal displacements of one of the ends 
were uniformly exerted to all webs (the support and forced 
displacements were applied to the points at the mid-depth of 
the webs). The FEM model of the panel, built of quadrilateral 
finite shell elements of CQUADR type (acc. [5]) is presented 
in Fig.5. The model does not take precisely into account the 
features of the welded joint connecting web and plating, shown 
in Fig. 1b. 


Fig. 5. FEM model of the panel . 


The calculations were performed for the panel with an 
imperfection assumed in the form of an initial cylindrical 
deflection in the plane of the webs. The shape of the initial 
deflection was approximated with the use of third-order spline 
(of zero-value of second derivatives at ends), symmetrically 
with respect to the plane perpendicular to the webs, at their 
mid-length. The calculations were performed for a few values 
of the initial deflection 6, namely: 2.5 mm, 5.0 mm, 7.5 mm 
and 10 mm. 

The NEi/Nastran software was used again. The calcula- 
tions consisted in determining the state of equilibrium of the 
panel, corresponding with successive, systematically increasing 
values (steps) of the longitudinal displacement of one of the 
panel’s ends, Al. The assumed step of set displacements was 
equal to 0.5 mm. 


The typical damage mode of the structure is shown in Fig.6 
(initial deflection of 2.5 mm; Al nax = 12.5 mm) 


Fig. 6. Mode of the panel's damage . 


In the diagrams in Fig.7 is shown the value of the compres- 
sive force P applied to the panel in function of the decrease 
of distance between its ends, obtained from solving the above 
described non-linear FEM model. 

The maximum values P nax of P forces in the diagrams 
(Fig.7) are considered as the critical forces (ultimate strength) of 
the axially compressed panels. They are presented in Table. 

In Table are also presented values of the critical forces es- 
timated with the use of the theory described in [1]. The theory 
concerns the axially compressed rod with initial deflection of 
the maximum value 6 at its mid-length. 

As defined by this theory, the ultimate strength of the rod is 
deemed exhausted when the extreme value of summary stresses 
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ô= 10.00 mm 
Ale = 12.43 mm 


Alna = 12.45 mm 


Fig. 7. The value of the compressive force P applied to the panel versus 
the decrease of distance between its ends . 


in extreme fibres of the rod, resulting form axial compression 
and bending due to initial deflection of the rod, exceeds the level 
of yield strength of material. If to assume that the compressive 
force is applied just to the rod’s axis and the rod is freely-sup- 
ported at its both ends then the above mentioned condition can 
be described by the following equation : 


P Pd 
= u 2 
Oy A + P (2) 
l-5)z 
PE 
where : 


Gy - yield strength 

P, - extreme value of compressive force 

A -cross-sectional area of the rod 

ò - maximum value of initial deflection 

Z - strength modulus of cross-section of the rod 
P= T El 
E - Young modulus 

I -inertia moment of cross-section of the rod 
1 -length of the rod. 


- theoretical value of the critical force 


In the equation (2) were applied : the parameters A, Z, I of 
the cross-section shown in Fig. la, the panel’s length |= 3.0 m, 
as well as the properties of normal steel (E = 2.06 - 105 MPa, 
Gy = 235 MPa). On this basis P, values were determined for 
a few values of ô, as presented in Table. 


Table. Critical values of the compressive force applied to the panel . 


P nax 7 from FEM P, 
- acc. Eq. (2) 


m: 
calculations 


As can be observed, an almost ideal conformance between 
the values of P nax and P, acc. Hughes theory, occurs for ò= 2.5 
mm. Along with 6 increasing, P, values become increasingly 
smaller than P,,,,, value; the difference reaches 12% for 6 = 10 
mm. The Hughes theory provides conservative results useful 
for initial estimation of ultimate strength of the panels having 


the structure shown in Fig.1. 


And, the P, value experimentally determined for the panel 
with the initial deflection of ~7.0 mm amounts to about 0.77 
MN, [3] and exceeds the value P nax for 5 = 7.5 mm (0.600 MN) 
(from Table) by about 25%. The difference can be explained by 
the fact that the real value of yield strength of the material is 
greater than oy =235 MPa assumed for FEM calculations. Even 
if the yield strength is exceeded the applied steel is capable of 
transferring much greater stresses than those resulting from the 
o — £ relationship assumed for FEM calculations (Fig.4). 

In the experiment appears also some constraints against 
rotation around the transverse axis of the end cross-sections 
of the panel whereas in the FEM model the hinge support of 
the panel ends was assumed. 

The forces P nay presented in Table are considerably smaller than 
the above given value of the theoretical force P = 0.800 MN. 


FINAL CONCLUSIONS 


The FEM calculations and those performed by using the 
simple theory of rod longitudinal bending, proposed in [1], 
show that the influence of initial deflections of the panel on 
ultimate values of compressive force, is considerable (Table). 
The ultimate force values decrease along with the maximum 
initial deflection increasing. Simultaneously, the forces calcu- 
lated in compliance with [1] are smaller than those calculated 
by using the FEM (except of the case of a small value of initial 
deflection, namely 6 = 2.5 mm) and the difference increases 
along with the maximum initial deflection 6 increasing, and it 
reaches about 12% for 6 = 10 mm. Hence the simple theory 
acc. [1] is applicable for conservative estimation of ultimate 
strength of axially compressed panels. 

It is characteristic that the time-consuming, non-linear 
calculations by using the FEM model also provide the conser- 
vative results even greater by about 25% as compared with the 
experimental ones. This can be explained by the fact that the 
o — € relationship of lowered values of o was applied for the 
calculations, as well as by different conditions in supporting 
the panel’s ends, those assumed for the FEM model and those 
really existing during the experimental tests. 


NOMENCLATURE 


t -plate thickness 
€ -unit strain 
v - Poisson’s ratio 
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ABSTRACT 


This paper presents results of the numerical simulation modelling strength tests of laser-welded, foam-filled 
steel panels, performed by means of the Finite Element Method (FEM) within the frame of the ASPIS pro- 
ject. In this case application of the FEM makes it possible to significantly lower costs of determination of 
mechanical properties and optimization of the structure respective to its strength-weight ratio. The entire 
project as well as the presented calculations are aimed at implementing structures of the kind to shipbuil- 
ding industry. Results of the calculations modelling axial compression of panels comply with experiments 
qualitatively. The entire process of the structure s compression till its collapse resulting from extensive plastic 
deformation within its middle zone, was step-by-step examined. Also, critical forces causing instability 
of the structure were determined. A partial quantitative discrepancy of the calculated reaction forces and 
those experimentally measured, requires further investigations. 


Keywords : sandwich structures, plastic buckling, Finite Element Method (FEM) 


INTRODUCTION 


Sandwich panel structures (SPS) are more and more widely 
applied in various industrial branches, a.o. in building [1,2] and 
aircraft industry. Their high density/ strength ratio makes them 
an attractive alternative for traditional ship structures. A part of 
the solutions has been already standardized [3], however the 
SPS are continuously optimised in the world. 

At Gdansk University of Technology in the frame of ASPIS 
project were performed laboratory tests of large-scale prototy- 
pes of steel panels to be applied — after their optimisation — to 
ship hulls. Implementation of such structures requires first of 
all to determine their resistance to tension and bending loads, 
as well as to design optimum joining systems and optimise 
their strength/mass ratio and cost. Because of large costs of 
experimental tests it was decided to conduct a part of the inve- 
stigations by means of the finite element method (FEM) [4]. 

In this paper are presented results of numerical simulations 
of behaviour of such panels under uniaxial compression along 
axis of stiffeners (webs) where influence of two parameters : 
laser-weld width and web depth, has been considered. Five 
variants of weld width (1, 1.5, 2, 3 and 4 mm) and two variants 
of web depth (20 and 60 mm) were assumed in accordance with 
the series of types established by the project co-ordinators. J- 
-core panels filled with polyurethane foam, were built of 3 mm 
steel shell plating and 4 mm webs of 80 mm depth. The overall 
dimensions of a single panel reached 6000x1000 mm. 

The calculations in question were performed with the use of 
two methods. Results from the first of them was assumed to be 
the first approximation. It consisted in determining the critical 
buckling force for the panel, the other — in step-by-step inves- 
tigating the course of the compression process of the structure 
till its collapse resulting from extensive plastic deformations in 
its middle zone. The instant of collapse was arbitrary assessed — 
— it was assumed that the occurrence of visible local buckling 
of cover plates in the plane of the maximum deflection of the 
panel stands for the state of sandwich panel collapse. 


FEM MODEL 


In accordance with the real prototype structure the higher 
strength steel RAEX 355 MC LASER (of the tensile strength 
R,, = 450 - 510 MPa, and the yield strength R, = 355 MPa) 
was selected for shell plating (cover plates) and St3 structural 
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steel (of R,, = 425 MPa, and R, = 235 MPa) for webs. As Rn 
value of the first steel was given within certain range, for the 
calculations its mean value equal to 480 MPa was assumed. 
Both the steels were characterized by the same initial value 
of Young modulus equal to 206000 MPa. The bilinear strain- 
-stress model was assumed in which elastic behaviour is valid 
within small deformation range only and beyond it the material 
behaves in compliance with the following hardening modulus 
formula : 


Ea = Ra ~ Re) / WAS / 100) + (Ra ~ Re) /EX)] 


where : 
R,, — tensile strength 
R, — yield strength 
A5 — total elongation of the A5 
specimen after breaking 
EX — Young modulus 


Copper material of the distance plate between the steel pad 
to which the compressive load is applied, and the tested panel 
itself, is characterized by the single Young modulus equal to 
100000 MPa. For the polyurethane foam filling the Young 
modulus of 12 MPa was assumed. 

The FEM model consisted of about 13.000 SOLID 186 finite 
elements as well as CONTA174 and TARGE170 contact ones 
placed in the gap in the laser-weld area. 

The panel underwent full parametrisation process, and its 
most important parameters were in accordance with the authors’ 
notation, as follows : 


DC - internal distance between cover plates 

DIVDC_ - number of divisions over the web depth 

L1 - web thickness 

Tl - plating thickness 

SC - gap between plating and face of web end 

SP - weld width 

RX - web spacing 

PPZ - area to be analysed along web axis 

PODZZ -division into elements in the indicated direction 


APODZZ - concentration of the division into elements in the 
indicated direction 

- number of closed boxes 

- area to be analysed in the direction perpendicular 
to webs 


ILP=6 
PPX 
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On the basis of several test computations it was determined 
that the minimum number of divisions along webs of the panel 
3000 mm long, was equal to 10, hence for the main analyses 
14 divisions gradually denser towards the plane of maximum 
deflection of the panel, were assumed. 


RESULTS 


Table shows the critical force values determined from 
the linear buckling analysis, at which the panel buckling and 
collapse takes place. 


Values of maximum reaction forces [N] . 


Weld width 
[mm] 


Model No. 3 
(web of 20 mm 
depth) 


Model No. 12 
(web of 20 mm 
depth) 


382778 
382254 
382778 
383299 
383592 


The below presented diagrams show values of the reaction 
force recorded during gradual shifting the compression machine 
traverse, with the step of 1 cm. The results were obtained from 
the non-linear elastic-plastic analysis. 

Weld width of 2 mm, Model No.3 (20 mm web depth) 
90000 + 
80000 
70000 z 
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30000 
20000 +~ 
10000 
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O 0.004 0.008 0.012 0.016 0.020 0.024 0.028 
Displacement [m] 


Total reaction force [N] 


Fig.1. Reaction force values obtained from elastic-plastic analysis . 


Weld width of 2 mm, Model No.12 (60 mm web depth) 
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Fig.2. Reaction force values obtained from elastic-plastic analysis . 


Some contour maps are attached in the end of this paper. 
Fig.5 and 6 show deformations in the middle plane of the panel 
model of 1 mm weld width and 20 mm or 60 mm web depth, 
respectively. Fig.7 and 8 illustrate the reduced stresses in the 


panel model of 20 or 60 mm web depth, respectively. Fig.9 and 
10 present results for another variant of the panel, namely that of 
60 mm web depth and 3 mm weld width, where the plastic defor- 
mations and reduced stresses compared with those for the panel 
model of 1 mm weld width, as an example, can be found. 

Important seems to be a comparison of the results of the line- 
ar-buckling analysis and elastic-plastic one. The first yields the 
critical force value of about 94 kN and 780 kN, for 20 mm and 
60 mm web depth, respectively. The increase of the critical force 
value by almost one order of magnitude as a result of tripling the 
web depth, complies with the Euler theory of plates (the critical 
force increase proportional to the square of plate thickness). 

The observed very small influence of weld width on the 
critical force is hard to be explained. However it can be argued 
that the joints between cover plates and webs do not transfer 
any significant loads under compression, and the FEM analysis 
shows that in the vicinity of the welds are present no significant 
stresses which could trigger a failure mechanism dependent in 
a certain way on width of the welds. 

The full non-linear analysis with plastic deformations taken 
into account brings — for 20 mm web depth — the results identical 
with those from the linear analysis. In the case of 60 mm web 
depth an excessively sparse step of calculations was assumed 
that resulted in omitting a peak value of reaction force. How- 
ever the run of the functions on both sides of the critical range 
of deformations indicates that also for 60 mm depth of webs 
the critical force could achieve a value close to that calculated 
from the linear-bucking analysis. The assumed sparse step of 
calculations was forced by hardware and time limitations. 

The form of local failures of the panel is worth observing 
(Fig.3 and 4). In the plane of the maximum deflection of the 
panel after global buckling, reaching more than 20 cm, also 


Model No.3 
Weld width 2.0 mm 


Fig. 3. A view of compression traverse . 


4N 


Fig. 4. A quarter of FEM model with supports . 
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local buckles of cover plate strips between neighbouring webs, AN | 
occur. The alternating sense of the maximum local deflections 
of the plates which underwent buckling, is characteristic. 

At the end, worth mentioning is the correct qualitative 
conformity and quantitative discrepancy of the experimental 
and numerical simulation results. Reasons for the discrepancy 
could be associated with an insufficient density of numerical 
model mesh along the webs, which constitutes a compromise 
between calculation accuracy and hardware capabilities and 
cost of the research. Another possible cause can be some di- 
screpancy between the way of modelling of the copper distance 
plate and the traverse compressing the panel. 
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Fig. 8. Reduced stresses in the panel of 60 mm web depth 
and I mm weld . 
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Fig. 5. Displacements and failure mode of the panel 
of 20 mm web depth and 1 mm weld . 


is) +002 
e ae an .001979 -004616 ` -005934 


Fig. ae re example map of, capers deformations in the panel 
of 60 mm web depth and 3 mm weld . 
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Fig. 6. Displacements and failure mode of the panel 
of 60 mm web depth and 1 mm weld . 
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sandwich panel constructio to ship structure, April 2006 
4. Augustyniak M., Porembski G.: FEM analysis of a single 
sandwich panel compressed along its strengthening elements 


Fig. 10. Reduced stresses in the panel of 60 mm web depth 
and 3 mm weld . 
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Fatigue life tests of steel laser-welded 
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ABSTRACT 


This paper presents results of the fatigue life tests of elements of steel laser-welded sandwich structure, 
performed at the Department of Machine Design, University of Technology and Agriculture, Bydgoszcz, 
in cooperation with the Department of Ship and Offshore Structures Technology, Gdansk University of 
Technology, within the frame of ASPIS EUREKA E!3074 project titled : ,, Application of steel sandwich 
panels into ship structural design”. The obtained information on fatigue features of various specimens, 
the so called elementary structures of sandwich panels, can make it possible to formulate design and ma- 
nufacturing recommendations for application of such structures in shipbuilding. An important result of the 
performed tests is the extended range of fatigue strength data for laser-welded joints. 


Keywords: fatigue; laser welding; fatigue life diagrams; steel panel structures 


INTRODUCTION 


Application of welded joints to building large objects intended for working under changeable loads requires taking into 
account hazards associated with initiation and propagation of fatigue cracks. Regardless of used fatigue life analysis methods 
[1] the condition of effectiveness of conducted calculations is to have knowledge on fatigue features of applied welded joints. 
It is specially important in the case of implementation of novel welding techniques such as laser welding, for which sufficient 


fatigue data are still lacking. 


According to literature sources, there is a lack of commonly applicable guidelines for fatigue life analysis of laser-welded joints, 
which is the case of traditionally manufactured welded joints [2]. Moreover, the existing results of high-cycle (elastic strain) fatigue 
tests of smooth specimens containing laser-welded joint [3] indicate that their fatigue strength is close to that of native material. 

The problems clearly concern also laser-welded sandwich panel structures constituting the subject of the tests realized within 
the frame of the ASPIS EUREKA E!3074 project titled : „Application of steel sandwich panels into ship structural design”. 


Assessment of fatigue features of such structures 
constituted one of the aims of the tests carried out 
at the Department of Machine Design (PKM) , Uni- 
versity of Technology and Agriculture, Bydgoszcz, 
in cooperation with the Department of Ship and 
Offshore Structures Technology, Gdansk University 
of Technology, which took part in realization of the 
ASPIS project. 

The tests were carried out at the PKM Labo- 
ratory accredited by the PCA (Polish Centre of 
Accreditation). 


PROGRAM AND OBJECTS 
OF THE TESTS 


The program of the tests of elements of steel 
panel structure has been presented in the form of 
the block diagram shown in Fig.1. It contains three 
groups of tests : 


> tests under monotonous loading 
> preliminary fatigue tests 
> main fatigue tests. 


The basic aim of the monotonous tests was to 
determine main static properties of the material spe- 
cimens as well as elementary structures of various 
forms. On this basis preliminary ranges of loads used 
in the fatigue tests were determined among other. 
Within the frame of the preliminary tests geometrical 
features of the specimens were verified and finally 
selected, as well as — in view of complexity of stress 
and strain distributions in joint — load conditions for 
the main tests were determined. 

Tests of the strain distributions distinguished by 
broken line in Fig.1, covering the analysis of local 


Tests under monotonous 
loading 


Determination of tensile 
strength Rmand yield point 
Re for MA smooth 
specimens 


Determination of maximum 
tensile force Pm for 
B_1 elementary structures 


Determination of maximum 
tensile force Pm for B_3 
elementary structures 


T m en ee ea AT 
Tests of strain distribution ini 


laser welded joint of 
B_1 elementary structure į 


E ee ee a 
Tests of strain distribution ini 
i! 


| laser welded joint of B 3 
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Preliminary fatigue tests 


Verifying fatigue tests of 

three forms of elementary 

structures : B_3, B_5 and 
B5 w 


Main fatigue tests 


Fatigue tests of MA smooth 
specimens — fatigue life 
diagram 


Fatigue tests of B_1 
elementary structures — 


Fatigue tests of MA smooth 
specimens 


Fatigue tests of 
B_1 elementary structures 


Fatigue tests of B_ 3 
elementary structures 


Verifying fatigue tests of 
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W1 elementary structures 


1 |with longitudinal laser weld 


Verifying fatigue tests of 
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fatigue life diagram 
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Fig.1. Schematic diagram of test program . 
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strain distributions in laser-welded joints of various elementary structures, constituted a separate scope 
of the investigations. Some part of the results of the tests were discussed in [4]. 
The elementary structures used in the tests represented various cases of weld location respective to load direction. 
Dimensions and geometrical forms of the specimens taken from a steel sandwich panel are shown in Fig.2 and 3. 


a) b) c) 


Fig.2. The specimens and elementary structures used in tests of fatigue pro- 
perties of sandwich structures: a) MA material specimen before modifica- 
tion, b) MA material specimen after modification, c) B_1 elementary struc- 
ture, d) B_3 elementary structure, e) B_5 elementary structure, f) B_5_w 
elementary structure, g) W1 elementary structure, h) SzP_A elementary 
structure (,,mikr.plaz”), i) SzP_B elementary structure (,,L.k.”’), j) SzP_C 
elementary structure (,,s.l.”), k) SzP_D elementary structure. 
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Fig. 3. Nominal main dimensions of elementary structures of sandwich panel: a) MA material specimen before and after modification, respectively, 
b) B_1 elementary structure, c) B_3 elementary structure,, d) B_5 elementary structure,, e) B_5_w elementary structure, 
f) WI elementary structures : type 1, type 2 and type 3, g) SzP elementary structure. 
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The tests of smooth specimens and elementary structures 
were performed according to the PCA procedures approved in 
the AB372 certificate, in compliance with the PN-EN 10002- 
-1+AC 1:1998 standard — in the case of monotonous loading, 
and the PN-74/H-04327 standard — in the case of fatigue loading. 
The fatigue tests were performed in the conditions of controlled 
variability of force. 


RESULTS OF THE TESTS 


The detail description of results of the tests carried out in 
accordance with the particular points of the assumed program, is 
contained in the reports from realization of the work in the years 
2003-2006 [5-8]. In this paper — because of its limited volume 
— are presented only the results of the main tests, given in the 
form of fatigue life diagrams for particular types of joints. For 
MA material specimens, their mechanical properties determined 
during monotonous tensile tests, are presented additionally. 


MA specimens 


The aim of the tests of the MA specimens was to determine 
static and cyclic properties of the material used for sandwich 
structure plating. 

In Fig.4 is shown the monotonous tension diagram obtained 
for MA specimens, in which are marked the stress values cor- 
responding with their plastic flow, (o), as well as the maximum 
stress values occurred in the course of loading, (o,,). 

500 
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Fig.4. Diagrams of monotonous tension tests of MA specimens . 


The tests of cyclic properties of the material were carried 
out at the controlled amplitude of the nominal stress S, , the 
constant stress ratio R = -1 (the mean nominal stress S = 0), 
and the load frequency f= 5 Hz. The this way obtained fatigue 
life diagram expressed in stresses is shown in Fig.5. 
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Fig. 5. Fatigue life diagram of MA specimens . 


B-1 elementary structures 


In Fig.6 is presented the fatigue life diagram obtained from 
the tests of B_1 specimens. The tests were performed at the 
controlled force and the constant stress ratio R = 0. The data are 
presented in the bi-logarithmic coordinate frame. The results 
of fatigue life tests (of all specimens) were approximated by 
means of the straight line “ 1”. As the data on fatigue life of the 
specimens at the loading levels P = 24, 27 and 30 kN were in- 
complete the regression line ,,2” was added without taking into 
account the results of the discontinued tests (distinguished by 
the arrows). Moreover, the regression line “3” was determined 
for the set of the data not containing those of the discontinued 
tests and results of the tests at the loading level P=54kN, which 
already entered the low-cycle range of fatigue life. 
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Fig. 6. Fatigue life diagrams of B_1 elementary structures . 
B_3 elementary structures 


Like in the case of the B_1 specimens, tests of B_3 spe- 
cimens were carried out at the controlled force value and the 
constant stress ratio R= 0. As a result of the tests was elaborated 
the fatigue life diagram shown in Fig.7 in the bi-logarithmic 
coordinate frame “force — cycle number”. Results of fatigue 
life tests (of all specimens) were approximated by the straight 
line ,,1”. Moreover the regression line “2” for the set of data not 
containing those of discontinued tests, was determined. 
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Fig. 7. Fatigue life diagrams of B_3 elementary structures . 


Analysis of the recorded runs of displacement changes made 
it possible to observe that the fatigue life of the specimens 
depended to a greater extent on the displacement range (ampli- 
tude) than on the set value of the force range (amplitude). For 
this reason as well as for comparison purposes was elaborated 
the fatigue life diagram in the coordinate frame “displacement — 
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—cycle number”, shown in Fig.8; this way much smaller scatter 
of test results was obtained. Therefore in testing such speci- 
mens the fatigue life assessment based on setting displacement 


amplitude is more appropriate. 
1 


7 ae 


Regression line |: 


Displacement range [mm] 
> 


0.01 
1000 


10000 100000 
Number of cycles 
Fig. 8. Fatigue life diagram of B_3 elementary structure, shown 


in the coordinate frame ”displacement range — cycle number” . 
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W1 elementary structures 


In the main tests of W1 specimens their version marked 
„type 3” was used. The tests were carried out at the controlled 
force value, the constant stress ratio R = 0 and the load frequen- 
cy f=5 Hz. Results of the fatigue life tests were approximated 
by the straight line ,,1” (Fig.9). Moreover the regression line 
“2” was determined for the set of data not containing those 
from two tests at the load level S = 425 MPa. 
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Fig. 9. Fatigue life diagram of W1_type 3 elementary structure, 
shown in the bi-logarithmic coordinate frame . 


SzP elementary structures 


The tests of the SzP elementary structures were carried out 
at the controlled force value and the constant stress ratio R = 0. 
In the tests the specimen version marked ,,SzP_D” was used. 
As forms of cracks in specimens were different, to determine 
the fatigue life diagram shown in Fig.10 only results of the tests 
revealing cracks in laser weld, were selected. The results of the 
fatigue life tests were approximated by means of straight line. 


CHARACTERISTICS 
OF THE TEST RESULTS 


The presented fatigue life diagrams determined by using the 
linear regression method were generally characterized by large 
values of the correlation coefficient R2, that indicates the scatter 
of fatigue properties of particular specimens to be rather small. 
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Fig. 10. Results of fatigue life tests of SzP_D elementary structure . 


It is very favourable from the point of view of the fatigue life 
calculation methods based on the so called design diagrams. 
The small fatigue life scatter of the tested specimens confirms 
also that laser-welded joints behave favourably, which results 
mainly from their high uniformity in the joint zone (repeata- 
bility of their geometrical and material features). 


SUMMARY 


O The results of the performed tests constitute a rich source 
of data useful in analyzing fatigue phenomena occurring 
in steel sandwich panel structures under cyclic loading. 

O The obtained information on fatigue properties of various 
elementary panel structures can make it possible to formu- 
late design and manufacturing recommendations for the 
application of such structures to shipbuilding. 

O Simultaneously, the fatigue life diagrams determined during 
the tests can be directly applied to fatigue life calculations 
of ship panel structures by using the methods based on the 
guidelines of Polish Register of Shipping. 

Q An important result of the performed tests is the extended 
range of fatigue strength data for laser-welded joints, in- 
dispensable in building the knowledge base on results of 
fatigue tests performed for structures built with the use of 
novel welding techniques. 
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ABSTRACT 


This paper presents results of the tests of local strains in laser weld zone of steel sandwich structure, 
performed at the Department of Machine Design, University of Technology and Agriculture, Bydgoszcz, 
in cooperation with the Department of Ship and Offshore Structures Technology, Gdansk University of 
Technology, within the frame of ASPIS EUREKA E!3074 project titled : ,, Application of steel sandwich 
panels into ship structural design”. Specific features of the tested structure make that in the weld zone both 
geometrical and structural notch appears simultaneously. The presented results may be helpful in further 
developing sandwich structures themselves and laser welding technique as well as their design methods 
as far as avoiding fatigue cracks is concerned. 


Keywords : fatigue, laser welding, local strain distributions, laser grating interferometry, steel panel structures 


INTRODUCTION 


Fatigue life calculations of complex objects, e.g. large ship 
structures, can be performed with the use of many calculation 
methods [1,2]. Some of them are based on local approach consi- 
sting in that this is variability range of local strains and stresses 
in the points of their concentration, which mainly decides on 
fatigue life [3]. In the case of welded joints commonly used 
in ship structures, strain and stress concentrations are caused 
both by geometrical discontinuities (geometrical notches) 
and material non-uniformities resulting from welding process 
(structural notches). 

An example of such simultaneous appearance of geome- 
trical and structural notches can be the novel sandwich panel 
structures manufactured with the use of laser welding. Such 
structures constituted the subject of research realized within the 
frame of ASPIS EUREKA E!3074 project titled : ,, Application 
of steel sandwich panels into ship structural design”. 

Experimental analysis of local strain distributions in zones 
of laser weld joint was one of the aims of the research carried 
out by the Department of Machine Design (PKM), University of 
Technology and Agriculture, Bydgoszcz, in cooperation with the 
Department of Ship and Offshore Objects Technology, Gdansk 
University of Technology, a participant of the ASPIS project. 

The tests were performed at the PKM Laboratory accredited 
by the PCA (Polish Centre of Accreditation). 


PROGRAM AND OBJECTS OF THE TESTS 


The program of the tests on deformations in steel panel 
structure is presented in the form of the schematic diagram 
shown in Fig.1. It covers the tests under monotonous loading 
as well as those in conditions of variable loading. 

The tests were performed for two types of specimens: B_1 
and B_3 elementary structures. Main dimensions of the spe- 
cimens are given in Fig.2, and places of strain measurements 
and loading mode of the specimens - in Fig.3. For the tests of 
strain distributions the laser grating interferometry technique 
implemented in the LES laser grating extensometer automatic 
system, was used. The design and working principle of the 
LES system was presented in detail a.o. in [4,5]. The program 


of the tests of strains in steel panel structures covered also 
the tasks whose aim was to determine cyclic local material 
properties in particular laser weld zones by using the method 
described a.o. in [6,7]. Results of the tests within that scope 
will be published separately. 


Tests under monotonous loading Main fatigue tests 


Tests of strain distribution 
in laser welded joint of 
B_1 elementary structure 


Tests of strain distribution 
in laser welded joint of 
B_1 elementary structure 


Tests of strain distribution 
in laser welded joint of 
B_3 elementary structure 


Tests of strain distribution 
in laser welded joint of 
B_3 elementary structure 


l Tests of local material l 
l properties in laser welded I 
I joint ; 


Fig. 1. Schematic diagram of test program . 
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Fig. 2. Specimens, elementary structures used in strain tests : 
a) B_1 elementary structure, b) B_3 elementary structure . 
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Measurement 


Measurement 
area 


Fig. 3. Location of measurement area in : 
a) B_1 specimen and b) B_3 specimen . 


RESULTS OF THE TESTS 
AND THEIR ANALYSIS 


The detail analysis of results of the tests of strains in fatigue 
crack zones was presented in [8]. Due to a limited volume 
of this paper, in its further part only example results of the 
measurements and conclusions drawn from their analysis, are 
presented. During the tests, distributions of relative displace- 
ments and strains in two mutually perpendicular directions v 
and u were determined on the basis of analysis of images of 
interference lines. In Fig.4 are shown example interferograms 
as well as strain distribution maps determined by means of the 
LES system in the course of monotonous tension test of B_1 
elementary structure. 
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Fig. 4. Example results of measurements : B_1 specimen, force P = 20 kN, 
a) v- direction, b) u- direction . 
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TESTS OF B_1 ELEMENTARY STRUCTURE 
UNDER MONOTONOUS LOADING 


Measurement of strains in B_1 elementary structure under 
monotonous loading was performed at 49 levels of static load. 
The specimens were loaded in compliance with the scheme 
shown in Fig.3. 

For particular values of the force P images of interference 
lines in two directions of analysis, v and u, were recorded. The 
measurement was carried out within 3mm x 4 mm measurement 
area. Strain measurement places are shown in Fig.3. 

In Fig.5 are shown example distributions of the strains 
g, and £, , against background of laser welded joint of B_1 
elementary structure. 


Fig. 5. Strain distributions in B_1 specimen shown 
on welded joint background . 


Analysis of the £, and e, strain distributions in selected cross- 
sections of the joint made it possible a.o. to observe that : 


> In the analyzed area of the B_1 structure, both in v and u 
strain directions, different strain values occur in the plate 
and web. It generates distinct strain gradients in the joint 
area, which can be observed in Fig. 6 and 7. 
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Fig. 6. (£,) strain distributions in B_1 specimen in load direction : a) along 
specimen axis and b) transversely to it, for loading force P = 20 kN . 
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Fig. 7. (¢,,) strain distributions in B_1 specimen transversely 


to load direction : a) transversely to load applied along specimen axis 
and b) transversely to it . 


The largest difference of strain values occurs at the largest 
load applied to specimen and it decreases along with load 
decreasing. 
The largest strain gradients occur in the area of transition 
from plate to web, at the weld edge, as well as in the transi- 
tion zone between the weld and native material. 

> Analysis of the strains g, shows that tensile strains occur in 
the plate, and in the web the strains are close to zero. And, 
in the case of the strains €, compressive strains occur in 
the plate, and in the web tensile strains appear in the weld 
zone, and beyond it strain values are close to zero similarly 
as in the case of the strains €, . 

> In the course of specimen loading, in the weld zone the 
increasing of g, and e, strain values occurs respective to 
those in native material. 


TESTS OF B_3 ELEMENTARY STRUCTURE 
UNDER MONOTONOUS LOADING 


In the tests of B_3 elementary structure 16 static load levels 
were used. The specimens were loaded in compliance with the 
scheme shown in Fig.3. 

Similarly as in the case of B_1 structure, for particular 
values of the force P images of interference lines in two ana- 
lyzed directions v and u, were recorded. The measurement was 
performed within 3 mm x 4 mm measurement area located in 
the region shown in Fig.3. 

Analysis of distributions of £, and £, strains in laser welded 
joint of B_3 elementary structure made it possible to state 
that : 


> In the case of strains in u- direction, the specimen loading 
due to axial force, in line with the scheme of Fig.3b, gene- 
rated, in the zone of the weld connecting the web with the 
plate, the strain gradient typical for bending load. Simulta- 
neously the web edge exerted compression onto the outer 
plate, that resulted in building zones of compressive strains 
in the web and plate in the vicinity of the web edge. (Fig.8). 


Fig. 8. Strain distributions in B_3 specimen shown 
on welded joint background . 


Total influence of web bending and web-plate contact on 
strain distribution in the smallest cross-section of the weld 
is shown in Fig.9. 
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Fig. 9. (¢,) strain distributions in B_3 specimen, in u- direction, 
along the smallest weld cross-section . 


> The largest values of tensile strains ((in u- direction) in the 
analyzed area occurred at the weld edge, and those compres- 
sive - in the contact area of web and plate (Fig.9). 

> Along with load increasing also strain values in the com- 
pressed and tensioned areas were increasing, as well as 
gradual extending the areas into the plate material was 
observed. 

> The strains in v- direction show a symmetrical form respec- 
tive to the line crossing the smallest cross-section of the 
weld. (Fig.10). 


Detail analysis of their typical distribution shown in Fig. 10a, 
makes it possible to expect a probable character of strain pro- 
cess in the laser weld joint zone, as shown in Fig. 10b. The web 
when displacing against the plate, makes the laser weld built of 
the welding hardened material, rotating. During the rotating, 
the weld causes the plate bending and forming two respective 
zones of tensile and compressive strains in the plate and web 
material on both sides of the weld. 
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N = 2 cycle N = 25032 cycle N = 75032 cycle N = 100132 cycle 


[Plate 


N = 125132 cycle N = 150132 cycle 


Fig. 10. Schematic diagram of joint deformation — (£) strains, 


in y-direction . 7c. = ee) o.25 % 


Fig. 13. Strain distributions in v- direction . 


TESTS OF B_1 ELEMENTARY STRUCTURE 
UNDER VARIABLE LOADING N =2cycle N =25032 cycle N = 50032 cycle N= 75032 cycle 


During the tests, B_1 elementary structure was subjected 
to sinusoidally variable load of the stress ratio R = 0 and the 
maximum force value Paas = 25 kN. For five phases of the 
loading cycle : A, B, C, D and E images of interference lines 


in two analyzed directions, v and u, were recorded (Fig.11). 


30 
Phase C — max. force 
25 Pe AOE NTT REEE ness cc abc: EE EEEE EAE EE E EE 
A 20 E E E E E AEA E S EE E E 
D 5 essea er a N A ee ee 
5 Phase B Phase D 
a ee eee Ae E 
a eigen rt ce em ta se cc 
0 —= 
S~ Phase A — min. force — Phase E ~7 g —2 | 
Fig. 11. Strain measurement phases during sinusoidally variable loading . E == ae 
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The strain measurement place is shown in Fig.3. The me- = = ne — 
asurements were executed for every assumed number of load E En 
cycles. During the tests, over 20 000 images of interference % — 125132 [~ 
lines were in total recorded. In Fig.12 the example images of 9 — 150132 
interference lines in the final crack-development phase, are = co 
presented. ; 
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Fig. 15. Strain distribution in v- direction in Y-Y cross-section, 
recorded in successive load cycles . 


character in different joint areas. In the diagram shown in Fig.16 


aam X i ; 
T | is presented the course of changes of the resultant strains €, 
rt 
HH fii è 5 A A $ 
dati (i.e. £ iv = e? +e J in the point of their maximum values 
0.5 
Crack 
In Fig.13 and 14 are shown the example maps of strain _ 044 
distributions in v and u directions, respectively, at the maxi- Xs, 
mum values the force P in load cycle, for some selected load z 0.35 
cycles. E 024 
In Fig.15 the course of changes of the strains in v- direc- Bo 
tion in the joint cross-section Y-Y, is shown. In the diagram a 0.1- 
an approximate course of the weld connecting the web and ` 
plate is marked. 0 l l l l l 
Similarly as in the case of static load the simultaneous pre- 0 15000 30000 45000 60000 75000 90000 
sence of geometrical and structural notch generated large strain Number of cycles 


concentration in the joint zone. During fatigue loading, changes 


of local strain values additionally occur, and they have different ce ee 


of e strain during fatigue test . 
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(marked ,,G” in Fig.16), and in the transition zone between 
the plate and web (D). Strain differences in the zones make 
the strain concentrations in the joint, largest. Along with suc- 
cessive load cycles, values of the maximum strains (G) were 
increasing and those of the strains (D) — decreasing. It caused 
the strain gradient increasing during the fatigue test. 

To illustrate the strain concentration effect in weld zone, 
were elaborated the maps of distributions of gradients of €, 
resultant strain, calculated as : 


g- Ae 
AL 
where : 


As — range of % strain change over AL section 

AL — assumed length of the section, corresponding with total 
distance of six neighbouring measurement points, equal 
to 0.06 mm. 


In Fig.17 is shown the distribution of gradients along the 
transverse direction respective to load direction, so determined 
in selected successive load cycles. Their analysis makes it pos- 
sible to observe that the largest gradient values occur in the 
transition zone between plate and web, and that along with 
successive strain cycles the gradient value increases and it 
a little shifts toward the plate simultaneously. 
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Fig. 17. Gradients of £ strain . 


The place of occurrence of the largest strain gradient com- 
plies with that of fatigue crack initiation, which can be observed 
by comparing Fig. 16 and 17. 


TESTS OF B_3 ELEMENTARY STRUCTURE 
UNDER VARIABLE LOADING 


The B_3 elementary structure was subjected, similarly as 
in the case of the B_1 structure test, to sinusoidally variable 
load of the stress ratio R = 0 and the maximum force value 
P nax = 1-5 KN. The measurements were performed at five pha- 
ses (A, B, C, D and E — Fig.11) of selected load cycles. 

The strain measurement place is shown in Fig.3. The 
measurements were performed for every assumed number of 
load cycles. During the test over 1700 images of interference 
lines were recorded in total. In Fig.18 are shown the example 
maps of interference lines, recorded during successive phases 
of 40 101st load cycle. 
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Fig. 18. Example maps of interference lines recorded 
for the cycle N = 40101 in successive load phases . 


Analysis of the recorded interferograms made it possible 
to determine the strain distributions in the analyzed area. The 
maps of interference lines, determined during the test, were 
analyzed with the use of several numerical procedures making 
it possible to identify particular interference lines and their 
phases in the analyzed area. 

In Fig. 19 and 20 are shown the example maps of interfe- 
rence lines in u and v direction, respectively, for the maximum 
value of the force P, and selected load cycles. 
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Fig. 19. Strain distributions in v- direction . 
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Rys. 20. Strain distributions in u- direction . 
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In Fig.21 is presented the course of changes of the strains 
in u-direction in the vicinity of the smallest cross-section of the 
weld and in the contact zone of the plate and web, for selected 
load cycles. In the diagram an approximate course of the weld 
connecting the plate and web, is marked. 

In the weld zone, like in the case of static load, occurred 
the strain gradient characteristic for bending, which was addi- 
tionally amplified by the geometrical notch effect formed by 
the plate-weld-web transition zone. 

Moreover, on the elaborated strain maps compressive strain 
zones were revealed in the plate-web contact zones. 
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Fig. 21. Strain distribution in u- direction in X-X cross-section, 
recorded in successive load cycles . 
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In the analyzed area the largest values of tensile strains 
(in u-direction) occurred at the weld edge, and those of com- 
pressive strains — in the web-plate contact zone. 

The strain distributions were changing during successive 
load cycles, showing an increase of the maximum values of 
local strains and also an increase of strain gradients in the area 
of weld edge. 


SUMMARY 


O The applied test method based on the LES automatic laser 
grating extensometer system, made it possible to determine 
strain distributions in analyzed zones of welded joint of 
steel sandwich panel structure at various levels of static 
loading as well as in successive phases of selected cycles 
of variable loading. 


O It made it possible to analyze course of variability of the 
selected parameters describing strain state in the joint and 
to indicate their connection with the places of fatigue crack 
initiation. 

O The performed tests yielded the data useful in elaborating 
the methods for the calculating of fatigue life of structures 
of the considered kind, with the use of the local approach 
based on analysing local strains and stresses. 


O The presented results may be helpful in further developing 
sandwich structures themselves and laser welding tech- 
nique, as well as their design methods as far as avoiding 
fatigue cracks is concerned. 


O Moreover, the results of the performed tests constitute 


a source base for analyzing the fatigue phenomena and 
processes which occur in steel sandwich panel structures 
under cyclic loading. 
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